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A  new  concept  for  soot  removal  from  inside  a  syngas  environment  has  been  studied.  Particulate  emissions 
are  retained  in  a  soot  trap  downstream  from  a  thermal  partial  oxidation  (TPOX)  reformer,  while  the  syngas 
atmosphere  itself  is  utilized  as  a  gasification  agent  to  achieve  continuous  and  passive  trap  regeneration. 
This  work  analyses  the  performances  of  the  loading  and  the  regenerating  phases  of  a  wall  flow  soot  trap 
in  a  syngas  environment  in  an  ad  hoc  developed  test  rig.  A  balance  point  between  filtered  and  removed 
soot  was  actually  reached  at  trap  temperatures  in  the  800-1000  °C  range  with  soot  abatement  efficiencies 
above  95  wt%.  The  particulate  is  obtained  from  a  TPOX  reactor  operating  in  very  rich  fuel  conditions,  using 
methane  as  fuel.  The  final  application  of  the  reactor  and  trap  assembly  is  a  micro  CHP  system,  based  on 
an  SOFC  fed  by  a  TPOX  reformer.  However,  application  to  larger  contexts  (e.g.  biomass  gasification  plants) 
can  be  envisaged. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Innovative  technologies  based  on  hydrogen  as  the  carrier  to  pro¬ 
duce  energy,  like  solid-oxide  fuel  cells  (SOFCs),  seem  particularly 
interesting  for  future  civil  and  industrial  applications,  in  a  scenario 
of  improved  efficiency  and  reduced  emissions.  Fuel  cells  produce 
direct  electricity  while  combined  heat  and  power  (CHP)  applica¬ 
tions  can  increase  the  global  efficiency  by  a  significant  percentage, 
and  be  very  promising  for  domestic  applications  [1].  An  interest¬ 
ing  opportunity  regarding  SOFCs  is  related  to  the  opportunity  by 
combining  this  technology  with  gas  turbines  to  build  new  highly 
efficient  power  plants  [2].  In  comparison  with  the  other  fuel  cells 
at  the  present  on  the  market,  SOFCs  offer  the  great  advantage  of 
being  a  very  robust  system  that  is  able  to  work  over  a  wide  range 
of  syngas  and  at  relatively  high  temperatures  (600-1000  °C)  [3,4]. 

The  syngas  necessary  to  feed  the  SOFC  can  be  produced  from 
biomasses  or  using  fossil  fuel  reforming  processes,  such  as  ther¬ 
mal  partial  oxidation  (TPOX),  steam  reforming  (SR)  or  autothermal 
reforming  (ATR).  The  TPOX  reforming  is  a  very  interesting  technol¬ 
ogy  because  of  the  relatively  robust  and  compact  setup  and  the 
related  low  costs.  For  TPOX  reactors,  there  is  neither  the  need  for 
an  external  heat  source  (due  to  the  exothermic  behaviour  of  the 
process)  nor  for  catalysts  to  obtain  the  reaction  products  [5].  Unfor¬ 
tunately,  the  hydrogen  percentage  obtainable  with  this  technology 
is  considerably  lower  than  that  obtainable  by  SR  or  ATR  [3-5]. 

The  hydrogen  yield  can  be  maximised  with  a  TPOX  reformer 
working  at  very  low  air-to-fuel  ratios.  In  spite  of  this  condition, 
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the  system  leads  to  the  production  of  very  high  quantities  of  soot, 
thus  increasing  the  risk  of  carbon  deposition  over  the  fuel  cell 
anode  and  consequent  deactivation  [6].  A  trap  located  immediately 
downstream  from  the  TPOX  reformer,  is  surely  a  simple  solution  to 
obtain  a  soot  free  environment  at  the  anode  and  preserve  the  SOFC 
efficiency  for  a  long  time  as  well  as  to  guarantee  the  particulate 
emissions  requested  by  the  legislations  in  force  [7,8]. 

Nevertheless,  soot  removal  can  become  seriously  problematic 
in  these  plants  due  to  the  absence  of  oxygen  in  the  syngas.  Tradi¬ 
tional  processes  for  soot  trap  regeneration  such  as  the  technologies 
adopted  for  diesel  engines  [8,10,11],  cannot  be  used  in  passive 
regeneration  system  since  they  are  based  on  combustion. 

The  syngas  produced  by  POX  reforming  is  mainly  constituted  by 
H2,  CO,  H20,  C02  and  a  non-negligible  percentage  of  C2H2  (consid¬ 
ered  a  major  soot  precursor)  [6].  The  possibility  of  gasifing  the  soot 
in  this  specific  environment  can  be  reached  by  operating  continu¬ 
ously  at  high  temperatures  inside  the  trap,  according  to  the  most 
important  gasification  reactions  for  the  carbon  reported  in  the  lit¬ 
erature  [12-14].  In  particular,  the  presence  of  water  and  C02  in  the 
syngas  shows  an  interesting  activity  to  gasify  carbon  at  tempera¬ 
tures  above  800  °C  [12,14]  according  to  the  following  reactions: 

C  +  C02  — +  2CO  (1) 

C  +  H20  -*  CO  +  H2  (2) 

In  particular,  reaction  (1),  which  is  also  called  the  reverse 
Boudouard  reaction  [15],  presents  interesting  carbon  gasification 
properties  at  the  common  operating  temperatures  of  the  actual  sys¬ 
tems  based  on  SOFC  technology,  even  in  the  absence  of  catalysts 
[14,16]. 
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The  present  work  has  investigated,  with  an  experimental  plant, 
the  feasibility  of  the  removal  of  particulate  trapped  in  a  soot  trap 
directly  using  the  syngas  produced  by  a  TPOX  reaction  at  a  suf¬ 
ficiently  high  temperature.  The  experimental  analysis  reported  in 
this  work  did  not  consider  the  adoption  of  catalysts  to  improve  the 
gasification  process,  but  focused  on  the  chance  of  finding  a  possible 
new  idea  for  soot  removal  in  syngas  mixtures. 

2.  Experimental 

2.1  System  set-up 

The  experimental  investigation  has  been  performed  using  an 
alumina  insulated  reactor  with  a  soot  trap  fitted  on  its  top.  This 
reactor,  where  the  reforming  reaction  takes  place,  is  used  as  a  soot 
generator  to  bring  the  system  to  rich  fuel  operating  conditions. 
An  iron  grid  has  been  used  at  the  entrance  of  the  reactor  as  a 
flame  arrester,  in  order  to  avoid  the  flash  back  of  the  flame  outside 
the  reformer.  The  two  different  components  were  welded  to  avoid 
undesired  air  leakages  at  the  entrance  of  the  soot  trap.  An  electrical 
pre-heater  sends  the  air  at  a  constant  temperature  of  600  °C  to  a 
premixing  zone,  where  methane  is  added  just  before  entering  the 
reactor.  Bronkhorst  mass  flow  meters  are  used  to  send  the  air  and 
methane  to  the  premixing  zone,  while  Swagelok  steel  pipes  and 
fittings  are  provided  to  guarantee  safe  connections  because  of  the 
high  temperatures.  An  off-gas  burner  was  placed  after  the  trap  to 
burn  out  most  of  CO  for  safety  reason.  A  simplified  scheme  of  the 
experimental  set-up  is  presented  in  Fig.  1. 

Two  electric  spark  plugs,  immediately  outside  the  reforming 
reactor,  ignite  the  mixture,  while  the  flame  front  gets  stabilized 
inside  the  reactor.  The  exact  position  of  the  flame  should  be  defined 
as  function  of  the  different  lambda,  defined  as  the  mass  of  the 
current  air-to-fuel  ratio  over  the  stoichiometric  air-to-fuel  ratio.  In 
particular,  the  flame  front  finds  a  stable  position  at  lower  lambda 
in  the  upper  zone  up  to  the  risk  of  blow-off,  whereas  for  higher 
lambda  the  risk  is  correlated  to  the  possibility  to  have  flash  backs 
outside  the  entrance  of  the  reactor. 

Thermocouples  are  provided  to  measure  the  main  temperatures 
of  the  system.  One  thermocouple  controls  the  preheating  air,  while 
another  has  been  placed  immediately  downstream  the  reactor; 
other  two  thermocouples  measure  the  temperatures  at  the  inlet 
and  outlet  of  the  soot  trap. 

The  syngas  composition  is  sucked  by  the  gas  analyzer  pump 
before  the  soot  trap  in  order  to  analyse  the  gas  concentration  pro- 
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duced  by  the  reactor.  During  the  regeneration  process  the  syngas 
composition  is  alternatively  measured  upstream  and  downstream 
the  soot  trap,  using  a  valve,  for  the  purpose  of  finding  some  evi¬ 
dence  of  what  happens  in  the  expected  chemical  reactions,  e.g. 
during  regeneration.  The  ABB  analyser  is  composed  of  the  following 
modules:  Caldosl7  (thermal  conductivity  analyzer  module)  for  H2, 
Urasl4  (infrared  analyzer  module)  for  CO,  C02,  CH4  and  Magnosl06 
(paramagnetic  oxygen  analyzer  module)  for  02.  The  percentages  of 
CO,  C02,  CH4  and  H2  are  measured  in  order  to  define  the  syngas 
mixture,  while  the  oxygen  is  just  measured  with  the  purpose  to 
ensure  its  absence  to  indicate  the  correct  progress  of  partial  oxida¬ 
tion.  The  concentration  of  water  is  not  directly  measured,  can  be 
calculated  from  the  mass  balance. 

A  soot  trap  was  mounted  immediately  next  to  the  outlet  of  the 
reformer.  It  is  particularly  important  to  have  the  soot  trap  close  to 
the  reformer  to  reach  the  highest  possible  temperatures  in  order 
to  ensure  the  trap  undergoes  carbon  gasification  and  self  regenera¬ 
tion  in  the  specific  syngas  environment  [11-15].  The  trap  was  made 
by  the  Stobbe  Tech  Ceramics  A/S  of  SiC,  to  resist  to  the  high  oper¬ 
ating  temperatures  [9,17,18]  and  is  characterized  by  a  diameter  of 
144  mm,  a  length  of  108  mm  and  150  cells  per  square  inch  (CPSI). 
The  maximum  pressure  drop  allowed  within  the  wall  flow  trap,  as 
recommended  by  Stobbe  Tech  Ceramics  A/S,  was  set  at  lOmbar. 
As  a  consequence  of  this  specification  a  very  sensitive  differential 
pressure  transducer  was  required  to  continuously  monitor  the  pres¬ 
sure  drop  between  the  inlet  and  the  outlet  of  the  trap.  The  chosen 
instrument  was  a  Bourdon  Haenni  differential  pressure  transmitter, 
operating  in  a  range  between  ±60  mbar,  connected  by  two  flexible 
pipes  to  the  entrance  and  the  exit  of  the  filter.  The  pressure  drop 
measured  is  an  indirect  index  of  the  soot  loading,  all  other  con¬ 
ditions  being  equal  (flow  rate,  temperature,  etc.).  When  the  soot  is 
loading  the  soot  trap,  a  rise  of  the  pressure  drop  is  monitored,  while 
during  the  regeneration  process  the  decreasing  of  the  pressure  drop 
is  expected  because  of  the  carbon  gasification. 

Particular  attention  has  been  paid  to  the  insulation  in  all  the 
system,  to  reduce  as  much  as  possible  the  heat  losses  and  to  reach 
the  highest  temperatures  needed  to  regenerate  the  soot  trap. 

2.2.  Testing  procedure 

Before  starting,  pre-heated  air  is  sent  at  600  °C  for  approximately 
30  min,  to  bring  the  reactor  to  a  homogeneous  temperature  con¬ 
dition  that  is  ideal  to  obtain  a  fast  ignition  of  the  feed  mixture. 
The  initial  lambda  to  start  the  reactor  operation  is  approximately 
in  the  range  of  0.65-0.70.  When  the  process  starts  the  lambda  is 
progressively  decreased  to  the  lower  operative  values. 

The  lambdas  studied  during  this  experiments  were  in  a  range 
of  0.45  to  0.52.  Lower  lambda  produces  a  considerable  quantity 
of  soot,  but  it  takes  a  significant  time  to  obtain  the  temperature 
conditions  where  carbon  gasification  can  occur.  A  higher  lambda 
produces  less  soot  but  on  the  other  hand  is  significantly  faster  in 
reaching  the  expected  temperatures.  For  lambda  lower  than  0.45 
the  combustion  could  be  unstable  and  difficult  to  manage  because 
of  the  more  distant  condition  from  the  stoichiometric  one  whereas 
lambda  above  0.52  produces  a  rather  negligible  quantity  of  soot. 
As  mentioned  above,  the  lower  the  lambda  the  higher  the  yield  of 
hydrogen  produced. 

Lambda  0.45  has  been  used  at  the  beginning  of  the  test  to  load 
the  soot  trap.  When  the  system  reaches  sufficiently  high  temper¬ 
atures,  close  to  the  theoretical  range  to  start  the  gasification,  the 
lambda  has  been  increased  to  0.52  in  order  to  raise  the  temperatures 
and  decrease  the  quantity  of  soot  produced,  until  the  regeneration 
reaches.  The  lambda  is  then  progressively  decreased  to  0.50  till  0.47 
to  analyze  the  trend  of  the  pressure  drop  in  higher  soot  production 
conditions.  During  all  the  experiment  a  constant  total  flow  (CFI4  and 
air)  is  maintained  at  the  value  of  60  N1  min-1  in  order  to  minimize 
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Fig.  2.  Evolution  of  the  pressure  drop  across  the  soot  trap  and  of  the  temperatures 
at  the  reformer  outlet,  the  trap  inlet  and  the  trap  outlet  as  a  function  of  time  during 
loading  and  regeneration  phases  (air  pre-heated  at  600  °C). 
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Fig.  3.  Pressure  drop  variation  resulting  from  repeated  loading  (k  =  0.45)  and  regen¬ 
eration  (A  =  0.52)  cycles  with  two  different  cycle  frequencies  (air  pre-heated  at 
600  °C).  The  arrows  indicate  the  times  at  which  step  changes  between  the  two  k 
values  were  accomplished. 


Table  1 

Gas  components  concentrations  measured  at  the  inlet  of  the  filter. 
Species  concentration  (%)  Lambda 


0.52  0.50  0.47  0.45 


h2 

14.06 

15.45 

18.87 

20.63 

CO 

10.01 

10.44 

11.02 

11.66 

co2 

4.83 

4.56 

4.12 

3.59 

ch4 

0.18 

0.27 

0.43 

0.98 

the  effect  of  this  parameter  on  the  pressure  drop.  Other  operating 
conditions  being  equal,  the  pressure  drop  is  an  indirect  sign  of  the 
soot  present  in  the  trap.  A  determination  of  the  exact  amount  of 
soot  present  in  the  trap  would  require  reactor  periodic  dismantling 
which  is  a  costly  and  rather  difficult  operation  since  the  reactor 
set-up  is  suited  to  withstand  temperatures  as  high  as  1000  °C. 

A  run  was  also  performed  with  subsequent  loading  and  regener¬ 
ation  cycles  carried  out  at  0.45  and  0.52  lambda  values,  respectively, 
with  step  changes  between  these  two  values,  in  order  to  prove  the 
effectiveness  of  the  devised  regeneration  route. 

3.  Results  and  discussion 

Fig.  2  shows  the  temperature  at  the  outlet  of  the  reformer  (red 
curve)  from  the  ignition  of  the  reaction,  as  well  as  the  constant  pre¬ 
heating  air  value  of  600  °C.  A  fast  initial  rise  due  to  the  beginning 
of  the  reaction  is  presented  in  the  first  phase  until  temperatures 
up  to  1000  °C  are  quickly  reached,  also  owing  to  the  high  insula¬ 
tion,  then  a  steady  increase  trend  starts.  The  small  fall  of  the  outlet 
reformer  temperature  at  the  end  of  the  graph  is  due  to  the  less 
quantity  of  energy  supplied  from  the  process  for  lower  lambda 
during  the  regeneration  phase,  induced  by  moving  away  from  the 
stoichiometric  condition. 

Syngas  has  been  analyzed  when  the  reaction  arrived  to  stable 
condition  of  reforming.  Tables  1  and  2  list  the  gas  composition  anal¬ 
ysed  before  and  after  the  soot  trap  at  different  operating  lambda 
values. 


Table  2 

Gas  components  concentrations  measured  at  the  outlet  of  the  filter  during 
regeneration. 


Species  concentration  (%) 

Lambda 

0.52 

0.50 

0.47 

h2 

14.34 

15.89 

19.53 

CO 

10.09 

10.59 

11.36 

co2 

4.76 

4.46 

4.00 

ch4 

0.16 

0.26 

0.39 

As  expected  a  general  increase  of  H2  and  CO  production  is  shown 
from  lambda  0.52  to  0.45.  The  increase  of  H2  yield  is  particularly 
evident  presenting  an  increase  of  ca.  6%  over  the  operating  range 
of  lambda  studied.  On  the  other  hand,  a  constant  reduction  of  the 
C02  concentration  is  monitored  while  lowering  the  lambda  values. 
The  CH4  concentration  is  also  increasing  as  long  as  the  operating 
conditions  of  the  system  get  farer  and  farer  from  the  stoichiometric 
ones. 

The  data  in  Table  2  do  confirm  the  actual  progress  of  the  devised 
regeneration  mechanism,  showing  indeed  a  relative  increase  for  H2 
and  CO  as  well  as  a  decrease  of  the  C02  concentration,  as  referred 
to  the  values  before  the  filter.  These  effect  are  more  evident  for  the 
lower  lambda,  where  harsher  conditions  in  terms  of  soot  produc¬ 
tion  are  present.  It  may  be  guessed  that  either  C02  or  eventually 
the  water  present  boosts  soot  gasification. 

Fig.  2  shows  also  the  pressure  drop  trend  during  the  experi¬ 
ments  in  comparison  to  the  temperatures  monitored  at  the  inlet 
and  the  outlet  of  the  trap.  An  initial  steady  increase  of  the  pressure 
drop  is  evident.  It  is  caused  by  the  temperature  rise  and  because 
of  the  soot  produced  at  very  rich  fuel  condition,  to  aim  the  fast 
trap  loading  of  the  filter.  The  ignition  of  the  mixture  was  obtain¬ 
able  for  lambda  0.65/0.70  and  progressively  decreased  till  0.45, 
where  a  considerable  amount  of  soot  was  produced  by  the  reac¬ 
tor.  When  relatively  long  time  was  passed  and  a  corresponding 
amount  of  soot  was  filtered,  the  lambda  was  increased  to  0.52  to 
reduce  the  quantity  of  particles  produced  and  increase  the  system 
temperature  for  the  sake  of  starting  the  regeneration  process.  Ana¬ 
lyzing  the  temperatures  in  the  soot  trap  the  end  of  the  loading 
phase  can  be  detected  and  the  relative  beginning  of  the  regener¬ 
ation  approximately  when  1000  °C  at  the  inlet  and  850  °C  at  the 
outlet  of  the  trap  are  reached.  It  appears  also  important  to  have 
a  high  temperature  all  over  the  trap,  which  is  in  part  favoured  by 
the  high  thermal  conductivity  of  SiC.  After  the  self-regeneration  of 
the  filter  for  lambda  0.52  was  performed  for  several  minutes,  the 
lambda  was  progressively  decreased  to  0.5  and  0.47.  The  trend  of 
the  pressure  drop  between  inlet  and  outlet  of  the  soot  trap  was 
decreasing  for  a  0.5  lambda  value  and  reached  a  sort  of  balance 
point  for  a  0.47  lambda  value  where  it  can  be  inferred  that  the 
amount  of  soot  filtered  equalise  that  of  soot  undergoing  gasifica¬ 
tion. 

Finally,  Fig.  3  proves  that  the  loading/regeneration  cycles  can  be 
effectively  repeated,  which  represents  an  additional  proof  of  the 
effectiveness  of  the  proposed  trap  regeneration  method. 

4.  Conclusions 

A  soot  regeneration  strategy  for  the  soot  trap,  inside  a  syn¬ 
gas  environment  has  been  studied  in  this  work.  The  characteristic 
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of  the  pressure  drop  in  the  wall  flow,  related  to  the  soot  emis¬ 
sions,  has  been  analyzed  in  the  range  of  lambda  between  0.45  and 
0.52. 

The  regeneration  of  the  soot  trap  by  carbon  gasification  by 
reaction  with  the  gases  produced  by  the  thermal  partial  oxida¬ 
tion,  was  remarkable  when  the  trap  temperatures  higher  than 
900  °C  were  obtained  inside  the  trap.  This  specific  test,  performed 
using  a  simple  reactor  operating  with  very  low  air-to-fuel  ratios, 
showed  the  possibility  to  obtain  a  regeneration  process  of  the  fil¬ 
ter  directly  with  syngas  at  high  temperatures.  The  increase  of  the 
lambda  from  0.45  to  0.52  finally  induced  a  reduction  of  the  pressure 
drop,  an  indirect  sign  of  the  lowering  of  the  soot  remaining  in  the 
trap. 

The  idea  to  have  a  continuously  carbon  gasification  using  syngas 
as  gasification  agent,  taking  care  to  have  high  temperatures  inside 
the  trap,  has  been  experimentally  proved.  The  durability  of  the 
materials  working  continuously  at  these  temperatures  is  now  being 
assessed  to  set  up  proper  bases  to  export  this  idea  in  a  post-research 
field. 
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